The effect of quantum confinement on the direct bandgap of spherical Si nanocrystals has been modelled theoretically. We conclude that the energy of the direct bandgap at the Γ-point decreases with size reduction: quantum confinement enhances radiative recombination across the direct bandgap and introduces its "red" shift for smaller grains. We postulate to identify the frequently reported efficient blue emission (F -band) from Si nanocrystals with this zero-phonon recombination. In a dedicated experiment, we confirm the "red" shift of the F -band, supporting the proposed identification.
= 3.32 eV in bulk Si. On the way towards photonic and opto-electronic applications of silicon, possibly the most promising route is offered by space-confinement-induced changes of energy structure. Following the pioneering paper of Canham on porous Si [1] , investigations of various forms of nanostructured Si have been undertaken. In particular, very interesting results were obtained for Si nanocrystals (NCs) where strong effects of quantum confinement have been observed for grain sizes comparable to or smaller than the effective Bohr radius of 4.3 nm -e.g. see Ref. [2] for an extensive review. It has been shown that while the energy structure in Si NCs retains its indirect character, quantum confinement leads to relaxation of the momentum conservation requirement, thus making zero-phonon optical interband transitions possible. Nevertheless, phonon-assisted radiative transitions dominate for nanocrystal sizes down to 2 nm [3] . Therefore, the emission from Si-NCs has two characteristic features: for smaller grains, the spectrum shifts to the blue and its intensity increases. In the literature, this widely tuneable and rather efficient emission due to ground state electronhole recombination is usually referred to as the "slow" band (S -band). It has attracted a lot of attention and prospects of Si-NCs-based laser have been discussed [4] .
In addition to the S-band whose origin is well established, optical investigations of Si-NCs revealed also another emission band at higher energies. This "blue" band is characterized by much faster decay dynamics (hence the name F -band), ranging from pico-to nanoseconds. A similar emission band has also been reported for porous Si [5] . Its origin is currently debated both experimentally and theoretically [6] [7] [8] . Usually, it is postulated to arise due to radiative recombination of electrons localized at oxygen-related states at Si/SiO 2 interface [9, 10] . This interpretation has been recently challenged by Valenta [11] , who presented evidence that the F -band should rather be identified with transitions related to the NCs themselves. Emission bands in the visible have also been reported in colloidal Si-NCs [12, 13] and postulated to arise due to direct transitions in view of their short lifetime.
In this paper, we consider effect of quantum confinement on the conduction band at the Γ-point in spherically symmetric Si-NCs. According to the presented theoretical model, quantum confinement applied to the conduction band states in the vicinity of the Γ-point, creates two series of states with energies higher and lower than the energy of the conduction band at the Γ-point in bulk Si (3.32 eV), forming a gap between them. We attribute the lower series of states as the origin of direct optical transitions responsible for the F -band. In that interpretation, the F -band is microscopically identified as arising due to zero-phonon recombination of "hot" electrons from the Γ-point of the conduction band. We discuss that as the confinement gets stronger with decreasing the NC size and the direct band gap shrinks, the "red" shift of the F -band appears. We confirm this theoretical conclusion by dedicated experimental evidence concerning spectral dependence and dynamics of the F -band in a dense solid state dispersion of Si-NCs in a SiO 2 matrix. We demonstrate that the proposed microscopic identification of the F -band is consistent with this experimental data as well as with the available literature. The scheme of the lowest conduction band in bulk silicon (based on detailed calculations from Ref. [14] ) is shown in the right panel of Fig. 1 . In the center of Brillouin zone its states are of Γ 15 symmetry, thus being 3-fold degenerate (without spin taken into account), and they are related to two subbands, one of which (the "heavy" one) has negative effective mass. It is the negative effective mass that leads to emerging of spaceconfinement levels below the band edge and therefore to decrease of the threshold of direct optical transitions.
Counting energy of electrons from the Γ 15 -point, one can write a generalization of the Luttinger Hamiltonian in spherical approximation: envelope parts of the wave functions only) and its projectionF z . They are i) "heavy" states N eh 0 with
, where N is the main quantum number and the subscript shows the value of F .
To investigate qualitatively the effect of confinement on the energy spectrum, we calculated the spacequantization levels of electrons in the vicinity of the Γ 15 -point assuming for them infinitely high energy barriers at the NC boundary. The resulting energy spectrum as a function of NC size is shown in Fig. 2 . One can see that the spectrum is split: "light" states have positive energy, "heavy" -negative, and "mixed" ones have both positive and negative energy levels. The most important feature of the resulting spectrum is that the energy gap is formed and the absolute values of negative energy levels are rising with decreasing diameter of NCs. We should remark that the appearance of such a gap was predicted in Ref. [15] with help of rudimentary pseudopotential calculations. The quantization energies of holes are rising as well [16] , but it does not change the trend, and the transition energy does decrease for given transition with decreasing the size.
The rate of direct spontaneous optical recombination is given by [17] :
where α = /(m 0 a 0 c) ≈ 1/137 is the fine structure constant, a 0 is Bohr radius, c is the speed of light, ω is the transition energy, F = 3n
) is the local field factor [17] , with n in and n out being refraction indexes of media inside and outside the NC respectively (for the NCs under consideration F ≈ 0.42). The dimen- 
where N e = 2F e + 1 and N h = 2F h + 1 are the degeneracy factors of the electron and hole states respectively, and ψ The value of the matrix element of momentum between the Bloch amplitudes of the valence and the conduction bands p cv allowed by the selection rules can be written in the form:
0 , where Q = 1.07 [14] . And the total matrix element (3) is |M | 2 = Q 2 I 2 R , where I R is a combination of overlap integrals of the envelope functions. There are also selection rules for overlap integrals of envelope functions in Eq. (3) arising due to the spherical symmetry of both electron and hole states. E.g., in our consideration, radiative transitions from "heavy" electron states N eh 0 can only go into the valence band states of "mixed" type, characterized by F = 2: N hm 2 . These rules should not be strict for real NCs, which are not perfectly spherical, and transitions disabled by our model are still possible, but we expect them to be much weaker.
Finally, for the estimation of radiative recombination rate one can use:
The values of I 2 R for the radiative transitions with the smallest energies are listed in Table I . For the most effective transition N eh 0 → N hm 2 the radiative life time is of the order of 10 ns. We propose that the emissions observed as the F -band arise due to transitions in Table I . Table I also illustrates that the energy range of possible transitions increases with decrease of NC diameter.
The radiative emission under consideration can be produced only by "hot" confined electrons. Thus the rate of nonradiative relaxation of these electrons is a key issue for the observation of this emission. We have studied transitions between levels in the vicinity of the Γ 15 -point taking place due to multiple emission of optical phonons and emission/absorption of one promoting acoustic longitudinal phonon. The probability of such a transition is given by W = τ −1 ac J p (T, S), where τ ac is the time determined by the interaction with an acoustic phonon, T is temperature, S is the Huang-Rhys factor, and J p (T, S) is the factor specific for multiphonon transitions which for S ≪ 1 and kT less than the optical phonon energy ω ≈ 60 meV can be well approximated by S p /p! , where p is the number of emitted optical phonons [18] . We have calculated the Huang-Rhys factor following Ref. [18] and using Bir-Pikus Hamiltonian H ac and then W taking into account the energy difference which is not compensated by the optical phonons and using the interaction Hamiltonian H ac e−ph = a c ∇u ac , where a c = −10 eV [19] and u ac is the atomic displacement induced by the acoustic phonon mode. The highest transition rates are of the order of 10 9 s −1 for the largest NCs considered here. They decrease rapidly with the NC size. One can notice that for transitions 1eh 0 → −1em 1 and −1em 1 → −1em 2 several optical phonons are needed even for large NCs with extremely small Huang-Rhys factors (see Fig. 2 ). In case of small NCs more phonons are required and Huang-Rhys factors are still small so that the phonon-induced relaxation is suppressed. The state −1em 2 can decay quicker than the other states due to smaller energy spacing to the lower neighboring state but it anyway does not contribute to the considered radiative transitions (see Table I ).
The proposed theoretical identification of the F -band is directly supported by photoluminescence (PL) experiments performed on Si-NCs embedded in a SiO 2 matrix. Two different samples were used, both prepared by radio frequency co-sputtering and subsequent annealing, resulting in an average NC diameter of 3 nm (sample A) and 5.5 nm (sample B), with a small size distribution -see, e.g. Refs. [20, 21] for more details on sample preparation and measuring techniques. Figure 3 shows the results obtained for both samples in two differently conducted PL experiments. With the steady-state technique, the slow (microsecond range) time-integrated PL signal was monitored. This is dominated by the lowenergy S -band (indicated in Fig. 3(a) with e ) and, as a result of quantum confinement, shows the well-known shift towards higher photon energies for smaller NCs. The spectral profile of the F -band has been obtained by taking the initial amplitude of the ps-resolved dynamics and is illustrated in Fig. 3(a)(-) . As can be seen, the F -band shows a red shift upon size decrease -an effect opposite to the blue shift characteristic for the S -band. This behavior is in agreement with the presently calculated shift towards lower energies of the electron energy levels at the Γ-point -see Fig. 2 -and the consequent reduction of the direct bandgap value. We note that the linewidth of the F -band clearly increases for smaller NCs, as indeed expected due to quantum confinement. The time-resolved PL measurements have been obtained in a time-correlated single photon counting experiment. Figs 3(b) and 3(c) illustrate dynamics of S and F PL bands for both samples. The decay time of the S -band (main panels, nanosecond resolution) is of an order of ∼ 10 2 µs, i.e. similar to the estimated radiative recombination time of excitons in Si-NCs [16, 22] . It is somewhat faster for smaller NCs (sample A in respect to B), reflecting the increased radiative recombination rate [23] . The decay dynamics of the F -band (insets, picosecond resolution) is characterized by a time constant of τ F ≈ 500 ps, similar for both samples. Finally, we point out that the fact that the F -band can be monitored using (ps-resolution) time-resolved PL experiments, implies that an upper limit can be set to the ratio of the non-radiative transition rate to the radiative recombination rate of (τ
On that basis, the radiative recombination time for the F -band can be estimated as τ F rad ≤ 50 ns. We conclude that the characteristic features following from the proposed theoretical model for the direct Γ-point phonon-less recombinations -(i) decrease of the energy and (ii) linewidth broadening for smaller NC sizes are experimentally confirmed for the F -band emission from Si-NCs. Also the radiative lifetime of the F -band estimated from the measured PL dynamics agrees with the calculated values. These additional new experimental evidence taken together with the information on Fband available in the literature, agree very well with the proposed identification of this fast emission with radiative recombination across the direct bandgap of Si, whose energy has been lowered in Si-NCs due to quantum confinement.
Further research, currently on the way, will elucidate details of the direct bandgap tuning in Si-NCs.
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